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A key component of the polymerase II transcription machinery is the transcription factor TFIID, a complex that contains
the TATA-box binding protein and several (10–12) associated factors designated as TAFs (TBP-associated factors). ts13 cells,
which contain a temperature-sensitive mutant in TAF250, the largest subunit of TFIID, exhibit promoter-specific defects in
gene expression at the nonpermissive temperature, suggesting that individual TAFs are required for transcription of specific
subsets of eukaryotic genes. Herpes simplex virus 1 (HSV-1) does not replicate in ts13 cells at the nonpermissive
temperature, but the point at which the replicative process is blocked is not known. We used the TAF250 defect in ts13 cells
to investigate the role of TAF250 in the expression of HSV-1 genes of each temporal class. At a low m.o.i., expression of most
immediate-early mRNAs is reduced at the nonpermissive temperature, and consequently, there is little expression of early
genes and no viral DNA replication. In contrast, at high m.o.i., expression of immediate-early genes is unaffected by the
TAF250 defect and is not dependent on de novo viral protein synthesis. Early genes and early proteins are produced under
these conditions, and viral DNA replication ensues, albeit at somewhat reduced levels. In contrast, late gene expression and
late protein synthesis are severely restricted, even in the presence of appreciable viral DNA replication. Thus the lack of late
protein synthesis is responsible for the inability of HSV-1 to replicate in ts13 cells at the nonpermissive temperature. Further,
it appears that late viral gene expression may be preferentially inhibited by the TAF250 mutation in ts13 cells. © 2000 Academic
PressINTRODUCTION
Herpes simplex virus 1 (HSV-1) genes are transcribed
sequentially in a well-ordered process (for a review, see
Roizman and Sears, 1996). The five immediate-early (IE)
genes are expressed first, and their expression occurs in
the absence of de novo protein synthesis. The subse-
quent expression of early genes is dependent on func-
tional IE proteins and results in the synthesis of early
proteins and replication of viral DNA. The expression of
late viral genes commences with viral DNA replication
and leads to the production of late proteins and the
assembly of progeny virions. Although the mechanisms
that regulate the temporal expression of viral genes are
not completely understood, it is clear that transcriptional
regulation plays a major role in the timing and accumu-
lation of mRNAs of each temporal class of viral genes
(for a review, see Wagner et al., 1995).
Although HSV-1 genes of all temporal classes are
apparently transcribed by the host cell RNA polymerase
II (Pol II), the promoter regions for each temporal class
possess unique compositions and arrangements of tran-
scriptional regulatory elements. IE promoters contain
common eukaryotic cis-acting regulatory elements, in-1 To whom reprint requests should be addressed at HFM-457, 1401
ockville Pike, Rockville, MD 20852. Fax: (301) 480-6124.
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190cluding a TATA element and Sp1 response elements, as
well as a cis-acting regulatory sequence, TAATGARAT,
that is responsible for the trans-activation effect of the
viral protein VP16 (for a review, see O’Hare, 1993). In
addition, some IE promoters contain a binding site at the
start of transcription for the IE protein ICP4, which re-
presses transcription (Michael and Roizman, 1993; Rob-
erts et al., 1988). Early HSV-1 promoters, such as that of
the thymidine kinase gene, contain a TATA element, Sp1
binding sites, and a CCAAT box, all of which are common
eukaryotic transcriptional regulatory elements (Coen et
al., 1986). Late promoters also contain a TATA element
but lack cis-acting regulatory elements further upstream
(Homa et al., 1986; Johnson and Everett, 1986). Instead,
an initiator (Inr) sequence at the start of transcription and
other regulatory sequences further downstream, such as
the downstream activation sequence (DAS), appear to be
necessary for maximal expression from these promoters
(Flanagan et al., 1991; Guzowski and Wagner, 1993;
Homa et al., 1986; Kibler et al., 1991; Mavromara-Nazos
and Roizman, 1989; Steffy and Weir, 1991; Guzowski et
al., 1994; Woerner and Weir, 1998).
Although progress has been made in elucidating the
cis-acting elements of HSV-1 promoters of the various
temporal classes of genes, it has been difficult to identify
the trans-acting factors that interact with these promot-
ers and to determine how recognition and activation of
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191HSV-1 GENE EXPRESSION IN ts13 CELLSspecific promoters are effected. Except for the TAATGA-
RAT element and the ICP4 binding site of IE promoters,
all of the viral regulatory elements identified to date are
normal eukaryotic transcriptional regulatory elements,
and it is not clear how the cellular transcription machin-
ery differentiates the different classes of viral promoters
at various times during the replicative cycle. An in vivo
genetic analysis of the cellular transcription factors in-
volved in HSV-1 gene expression is complicated further
by the assumption that most of the transcription factors
involved in viral gene expression are essential for normal
Pol II-directed transcription.
A key component of the Pol II transcription machinery
is the transcription factor TFIID, a complex that contains
the TATA-box binding protein (TBP) and several (10–12)
associated factors designated as TAFs (TBP-associated
factors) (for a review, see Burley and Roeder, 1996).
Although TBP recognizes and binds the TATA element of
the promoter, the role of the various TAFs in transcription
is less clear. TAFs have been proposed to mediate gene
expression by interacting with transcriptional activators
or by selective recognition of extended promoter ele-
ments (for a review, see Lee and Young, 1998; Hahn,
1998). Although recent reports have cast doubt on the
universal requirement of TAFs for transcription (Moqta-
deri et al., 1996; Walker et al., 1996), it appears that
individual TAFs are required for transcription of specific
subsets of eukaryotic genes (Holstege et al., 1998).
These results extend earlier findings that ts13 cells,
which contain a temperature-sensitive mutation in
TAF250, the largest subunit of TFIID, do not exhibit a
global defect in mRNA synthesis at the nonpermissive
temperature (Liu et al., 1985). Rather, ts13 cells arrest in
the G1 phase of the cell cycle, and this phenotype is due
o promoter-specific defects at the nonpermissive tem-
erature (Wang and Tjian, 1994).
The aim of the present study was to use ts13 cells to
nvestigate the role of TAF250 in the expression of HSV-1
enes of each temporal class. Previous studies have
eported that HSV-1 was unable to replicate in ts13 cells
t the nonpermissive temperature (Yanagi et al., 1978;
mene and Nishimoto, 1996). Furthermore, it was re-
orted that HSV-1 was unable to generate authentic
enome termini at the nonpermissive temperature, al-
hough the sequential expression of HSV-1 genes of all
emporal classes was unaffected (Umene and Nishi-
oto, 1996). The results presented here show clearly
hat viral gene expression and DNA replication are de-
endent on the multiplicity of infection (m.o.i.). More
mportant, the results show that even at a high m.o.i.,
hen IE and early proteins are made and viral DNA is
eplicated, there still is a dramatic restriction in late viral
RNA transcription and, consequently, late protein syn-
hesis. Thus the results indicate that the inability to
roduce late gene products is responsible for the lack of
rogeny virus production and suggest that HSV-1 late
V
eene expression is specifically inhibited by the TAF250
efect in ts13 cells.
RESULTS
eplication of HSV-1 in ts13 cells and ts13R3 cells
The temperature-sensitive defect in the baby hamster
idney cell line ts13 has been shown to be the result of
mutation in the TAF250 subunit of the eukaryotic tran-
cription factor TFIID. At the nonpermissive temperature
f 39.5°C, mRNA and protein synthesis is apparently
naffected for at least 24 h (Liu et al., 1985). In prelimi-
ary studies, we verified that ts13 cells remained viable
or 24 to 36 h after a temperature shift to 39.5°C. By 48 h
t the nonpermissive temperature, there was a notice-
ble increase in the number of dead cells, as well as of
ounded, loosely attached cells (data not shown). Con-
equently, all experiments reported here were performed
ithin a 36-h window after a shift to the nonpermissive
emperature. ts13R3 cells, a stable ts13 transformant that
xpresses the human TAF250 gene (Wang and Tjian,
994), are maintained at 39.5°C to ensure retention of a
unctional TAF250.
ts13 and ts13R3 cells were shifted to the nonpermis-
ive temperature and infected at a multiplicity of 5.0 or 0.1
ith an HSV-1 (KOS) isolate that is capable of replication
t 39.5°C. At 5, 20, and 30 h after infection, cultures were
arvested and analyzed by plaque assay for virus repli-
ation (Fig. 1). HSV-1 was unable to replicate in ts13 cells
t the nonpermissive temperature at either m.o.i. but did
eplicate in the TAF250 rescued line ts13R3. In contrast,
SV-1 is able to replicate in both cell lines at 33.5°C
data not shown). Similar results were also observed
ith a second strain of virus, HSV-1 (MP), which is
apable of replication at 39.5°C (data not shown). Our
esults are in agreement with those from previously pub-
ished work that reported the inability of HSV-1 to repli-
ate in ts13 cells at 39.5°C at multiplicities of infection as
igh as 50 (Yanagi et al., 1978).
eplication of viral DNA in ts13 cells
To determine the stage at which HSV-1 reproduction is
locked in ts13 cells at the nonpermissive temperature,
e examined the replication of viral DNA. ts13 and
s13R3 cells were infected with HSV-1, and the level of
iral DNA was determined over a 20-h time period after
nfection (Fig. 2). At a low m.o.i., viral DNA replication
as detectable in ts13R3 cells by 10 h after infection and
ncreased dramatically by 20 h postinfection. In contrast,
he level of detectable viral DNA in ts13 cells, even by
0 h postinfection, was less than 2% of the level ob-
erved in ts13R3 cells. At a high m.o.i., however, a dif-
erent pattern of viral DNA replication was observed.
iral DNA replication was detectable in ts13R3 cell as
arly as 5 h postinfection and increased for up to 20 h
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192 DHAR AND WEIRpostinfection. Replication in ts13 cells was lower and
delayed, relative to that in ts13R3 cells, but reached
approximately 40% of the amount of the ts13R3 level by
20 h postinfection. Increasing the m.o.i. to 25 further
increased the amount of DNA replication in ts13 cells
relative to that of ts13R3 cells (data not shown). Thus the
replication of HSV-1 DNA in ts13 cells at the nonpermis-
sive temperature is multiplicity dependent. Although the
inability of the virus to replicate its DNA at the low m.o.i.
correlates with the lack of progeny virus production at
the nonpermissive temperature, the failure of virus to
replicate at higher multiplicities of infection is not solely
a consequence of restricted DNA replication.
Expression of b-galactosidase activity using viral
promoters of each temporal class
As a means to examine the expression of various
classes of viral genes, recombinant viruses were con-
structed that contained a lacZ marker gene under control
of an IE, early, or late HSV-1 promoter. ts13 and ts13R3
cells were infected at two different multiplicities and
analyzed for the expression of b-galactosidase (b-gal)
activity at 5, 10, and 20 h postinfection (Figs. 3–5). Ex-
FIG. 1. HSV-1 replication in ts13 and ts13R3 cells at the nonpermis-
sive temperature, 39.5°C. Cells were infected with HSV-1 at an m.o.i. of
0.1 (A) or 5.0 (B). At the indicated times after infection, cells were
collected by scraping into the medium, disrupted by freeze-thawing
three times, and assayed for virus production by plaque assay on Vero
cells.pression of b-gal activity from the IE ICP0 promoter was
similar in both ts13 and ts13R3 infections at either m.o.i.,with somewhat higher expression in ts13R3 cells at low
m.o.i. and somewhat higher expression in ts13 cells at
high m.o.i. (Fig. 3). In contrast to IE promoter activity,
expression of b-gal activity from the early thymidine
inase promoter was more dependent on the multiplicity
f virus infection. At the lower m.o.i., b-gal activity was
greater than 9- and 12-fold higher in ts13R3 versus ts13
cells at 10 and 20 h, respectively, postinfection (Fig. 4). At
the higher multiplicity, b-gal activity was 5.5-fold higher in
he permissive versus the nonpermissive cell line at 5 h
fter infection, but the relative activity dropped to only
bout twofold higher by 10 and 20 h postinfection. In
arked contrast, there was very little b-gal activity ex-
pressed from the late glycoprotein C promoter at either
multiplicity (Fig. 5). Increasing the m.o.i. to 25 did not
result in an increase of lacZ expression from the gC
promoter (data not shown). These results suggest that
the synthesis of HSV-1 IE viral proteins is relatively un-
affected by the TAF250 defect in ts13 cells, whereas the
synthesis of early proteins is decreased. The reduction in
early protein synthesis is partially overcome at higher
multiplicities of infection. The dramatic reduction in syn-
thesis of late viral proteins at the nonpermissive temper-
ature in ts13 cells can be accounted for by the restriction
of DNA replication at a low m.o.i. However, the lack of
b-gal activity expressed from the gC promoter at higher
multiplicities of infection, when viral DNA synthesis is
FIG. 2. Viral DNA replication in infected ts13 and ts13R3 cells at
39.5°C. Cells were infected with HSV-1 at an m.o.i. of 0.1 (A) or 5.0 (B).
At the indicated times after infection, the medium was removed, and
the total infected-cell DNA was isolated and quantified by slot-blot
hybridization. The amount of DNA replication is expressed relative to
the amount of DNA synthesis at 20 h in ts13R3 cells.
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193HSV-1 GENE EXPRESSION IN ts13 CELLSobserved, suggests that the ts13 TAF250 mutation pref-
erentially affects the expression of late viral genes.
Expression of IE genes in HSV-1-infected ts13 cells
To determine directly whether the TAF250 defect in
ts13 cells affected HSV-1 transcription, the expression of
viral mRNAs from each temporal class was examined by
RNase protection assay. Expression of all of the viral IE
genes in ts13 and ts13R3 cells was examined at 2, 5, and
10 h after virus infection. At a low m.o.i., expression of
ICP0 mRNA was slightly higher in ts13R3 cells than in
ts13 cells at all time points after infection; at a high m.o.i.,
similar levels of mRNA were expressed (Fig. 6). The
mRNA encoding ICP4 was expressed at similar levels in
both cell types during infection at a high multiplicity but
at appreciably lower levels in ts13 cells infected at the
lower m.o.i. (Fig. 7). ICP22/47 and ICP27 mRNA ex-
pressed followed the same relative pattern as that of the
ICP4 mRNA at both multiplicities of infection in both cell
types (data not shown). Thus the effect of the TAF250
defect in ts13 cells on expression of HSV-1 IE genes is
dependent on the m.o.i. At a low m.o.i., expression of the
IE mRNAs, except for the ICP0 mRNA, is dramatically
reduced in ts13 cells at the nonpermissive temperature.
FIG. 3. Expression of lacZ from the IE ICP0 promoter in infected ts13
nd ts13R3 cells at 39.5°C. Cells were infected with HSV-1 at an m.o.i.
f 0.1 (A) or 5.0 (B). At the indicated times after infection, the cells were
ollected, lysed, and assayed for b-gal activity (units of activity/106
cells).At a high m.o.i., expression of all HSV-1 IE mRNAs is
relatively unaffected by the TAF250 defect in ts13 cells.The observed difference between the expression level of
any IE mRNA in the two cell types infected at high m.o.i.
was less than twofold.
In a normal productive infection, efficient expression of
HSV-1 IE genes occurs in the absence of de novo protein
ynthesis. The observation that efficient expression of IE
enes in ts13 cells is m.o.i. dependent suggests that at
igh m.o.i. the TAF250 defect is compensated by another
actor, and therefore it was of interest to determine
hether efficient expression of IE mRNAs in ts13 cells at
he high m.o.i. required de novo protein synthesis. ts13
and ts13R3 cells were pretreated with cycloheximide and
then infected with HSV-1 in the presence of cyclohexi-
mide. RNA was isolated at 2, 5, and 10 h postinfection
and analyzed by RNase protection assays for IE mRNA
expression. The levels of the ICP0 transcript (Fig. 8) and
the ICP4 transcript (Fig. 9) varied little between the two
cell types. Similar results were observed using probes
for the ICP27 and ICP22/47 mRNAs (data not shown).
Taken together, these data indicate that the TAF250 de-
fect in ts13 cells does not appreciably affect the tran-
scription and accumulation of HSV-1 IE mRNAs when
cells are infected at high m.o.i. at the nonpermissive
temperature. Similar results were observed regardless of
whether the cells were shifted to the nonpermissive
temperature for 4 or 16 h before infection (data not
shown), and thus, the efficient transcription of IE genes
FIG. 4. Expression of lacZ from the early tk promoter in infected ts13
and ts13R3 cells at 39.5°C. Cells were infected with HSV-1 at an m.o.i.
of 0.1 (A) or 5.0 (B). At the indicated times after infection, the cells were
collected, lysed, and assayed for b-gal activity (units of activity/106
cells).
t194 DHAR AND WEIRat high m.o.i. cannot be attributed to insufficient time at
the nonpermissive temperature. Efficient transcription of
IE genes under these conditions does not require de
novo viral protein synthesis.
Expression of the early tk gene in HSV-1-infected
ts13 cells
The decreased expression of most of the IE genes in
ts13 cells at a low m.o.i. is probably responsible for the
observed decrease in early protein expression and the
absence of viral DNA replication. Similarly, the efficient
expression of IE proteins at high m.o.i. likely results in
expression of early proteins, as shown by the expression
of lacZ from the tk promoter as well as the synthesis of
viral DNA. Indeed, direct examination of the level of the
tk mRNA in ts13 cells infected at a low m.o.i. revealed a
dramatic reduction in the accumulation of mRNA com-
pared with ts13R3 infected cells (Fig. 10B). At a high
m.o.i., when abundant IE mRNAs are expressed, the
early tk mRNA is expressed at levels similar in both cell
types, although there appears to be a lag in the accu-
mulation in ts13 cells (Fig. 10C).
Expression of late genes in HSV-1-infected ts13 cells
FIG. 5. Expression of lacZ from the late gC promoter in infected ts13
and ts13R3 cells at 39.5°C. Cells were infected with HSV-1 at an m.o.i.
of 0.1 (A) or 5.0 (B). At the indicated times after infection, the cells were
collected, lysed, and assayed for b-gal activity (units of activity/106
cells).To further explore the effect of the TAF250 defect in
ts13 cells on late gene expression, RNase protection
t
eexperiments were used to examine the levels of late
transcripts. Because the expression of late HSV-1 genes
is dependent on viral DNA replication, transcription of
late mRNA would not be expected in ts13 cells infected
at low m.o.i. at the nonpermissive temperature. Under
these conditions, the late gC mRNA was not detectable
(Fig. 11B). Furthermore, at the high m.o.i., accumulation
of the late gC mRNA is still severely restricted (Figs. 11A
and 11C). These results suggested that expression of
true late genes such as gC, whose expression is abso-
lutely dependent on viral DNA replication, are particularly
affected by the TAF250 mutation in ts13 cells. To further
explore this possibility, we extended our analysis of late
gene expression in ts13 cells to another true late gene,
UL38 (Flanagan et al., 1991). Similar to the results ob-
served in gC RNase protection experiments, UL38 mRNA
was not detected in ts13 cells at the nonpermissive
FIG. 6. Expression of ICP0 mRNA in infected ts13 and ts13R3 cells at
39.5°C. Cells were infected with HSV-1, and at the indicated times after
infection, RNA was isolated and analyzed by RNase protection using
probes for the ICP0 and b-actin genes. A representative RNase pro-
ection assay is shown (A). Levels of protected RNA at the indicated
imes were determined by PhosphorImager analysis from multiple
xperiments performed at an m.o.i. of 0.1 (B) or 5.0 (C).
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195HSV-1 GENE EXPRESSION IN ts13 CELLStemperature (Figs. 12A and 12B). These results strongly
suggest that the TAF250 defect in ts13 cells preferentially
affects the transcription of true late genes.
DISCUSSION
A central component of eukaryotic RNA Pol II is TFIID,
a basal transcription complex composed of TBP and
several associated TAFs. The largest subunit of TFIID,
TAF250, is thought to be the core scaffolding protein on
which the other factors are assembled to form a func-
tional TFIID complex (Weinzieri et al., 1993). In vitro
assembly of transcription complexes consisting of TBP
and different recombinant TAF subunits indicates that
FIG. 7. Expression of ICP4 mRNA in infected ts13 and ts13R3 cells at
39.5°C. Cells were infected with HSV-1, and at the indicated times after
infection, RNA was isolated and analyzed by RNase protection using
probes for the ICP4 and b-actin genes. A representative RNase pro-
ection assay is shown (A). Levels of protected RNA at the indicated
imes were determined by PhosphorImager analysis from multiple
xperiments performed at an m.o.i. of 0.1 (B) or 5.0 (C).TBP and TAF250 are capable of directing basal transcrip-
tion and that the addition of other TAF subunits restores
g
pthe ability of the transcription complex to respond to
specific activators (Chen et al., 1994). In vivo, TAF250
tself has been shown to mediate the activation of tran-
cription by specific activators (Wang et al., 1997). It has
lso been reported that TAF250 is responsible, at least in
art, for selective promoter recognition and that TAF250,
long with TAF150, is necessary for efficient utilization of
he initiator element at the start of transcription (Verrijzer
t al., 1995). There are several functional domains within
AF250, including N- and C-terminal kinase domains,
hich phosphorylate the basal transcription factor
AP74 (Dikstein et al., 1996), and a histone acetyl trans-
erase domain, which can acetylate histones H3, H4, and
2A (Mizzen et al., 1996). Interestingly, the ts13 mutation
n TAF250 does not reside in any of these defined do-
ains.
The ts13 mutation was first defined as a temperature-
ensitive mutant of the cell cycle, because cells arrested
n G1 when shifted to the nonpermissive temperature (Liu
t al., 1985). The mutation in the cell cycle gene CCG1,
hich was responsible for the temperature-sensitive
henotype, was identified as a single amino acid substi-
ution (Sekiguchi et al., 1991; Hayashida et al., 1994).
ubsequently, cloning of the TAF250 gene revealed that
CG1 and TAF250 were the same and led to the sug-
estion that this transcription factor might play a specific
ole in the transcription of cell cycle genes (Hisatake et
l., 1993; Ruppert et al., 1993). Results indicating that
ome promoters but not others were temperature sensi-
FIG. 8. Expression of ICP0 mRNA in infected ts13 and ts13R3 cells at
39.5°C in the presence of cycloheximide. Cells were infected with
HSV-1, and at the indicated times after infection, RNA was isolated and
analyzed by RNase protection using probes for the ICP0 and b-actinenes. (A) A representative RNase protection assay. (B) Levels of
rotected RNA determined by PhosphorImager analysis.
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196 DHAR AND WEIRtive in these cells indicated that the ts13 mutation in
TAF250 had gene-specific effects that were probably
responsible for the cell cycle phenotype (Wang and Tjian,
1994).
In an early study of HSV-1 replication in ts13 cells, it
was reported that HSV-1 was unable to replicate at the
nonpermissive temperature at multiplicities of infection
of 0.5 to 50 and that inhibition was not due to an indirect
effect of cell cycle block (Yanagi et al., 1978). We con-
irmed these results by showing that ts13 cells, arrested
n the cell cycle at the permissive temperature, still sup-
orted virus replication (data not shown). In a more
ecent study, the inability of virus to replicate at the
onpermissive temperature in a similar cell line,
sBN462, containing the same temperature-sensitive de-
ect in TAF250 as ts13 cells, was confirmed (Umene and
ishimoto, 1996). In this study, further examination of the
eplicated viral DNA revealed that mature unit length
SV-1 DNA, containing authentic genomic termini, was
ot generated. Northern analysis revealed the presence
f all viral transcripts examined, including transcripts
rom IE, early, and leaky-late genes. These results led the
uthors to conclude that it was likely that the sequential
nd regulated expression of viral genes was maintained
t the nonpermissive temperature. They further sug-
ested the possibility that TAF250 was involved in the
FIG. 9. Expression of ICP4 mRNA in infected ts13 and ts13R3 cells at
39.5°C in the presence of cycloheximide. Cells were infected with
HSV-1, and at the indicated times after infection, RNA was isolated and
analyzed by RNase protection using probes for the ICP4 and b-actin
enes. (A) A representative RNase protection assay. (B) Levels of
rotected RNA determined by PhosphorImager analysis.eneration of authentic HSV-1 genome termini through a
ethod other than regulation of transcription.
w
mIn the results reported here, we also confirm the in-
ability of HSV-1 to replicate in ts13 cells at low and high
multiplicities of infection. However, the effects of the ts13
TAF250 mutation on HSV-1 transcription appear to be
more complex than previously appreciated. We exam-
ined all of the IE transcripts and found that at low m.o.i.,
transcription of all mRNAs except for the mRNA encod-
ing ICP0 was substantially reduced. At a high m.o.i., IE
mRNA transcription was relatively unaffected by the
TAF250 mutation and did not require de novo viral protein
synthesis. Of note, it has been reported that transcrip-
tional activation by the site-specific regulator Sp1 is
temperature sensitive in ts13 cell extracts (Wang and
Tjian, 1994). Both HSV-1 IE and early virus promoters
contain Sp1 sites. Thus one explanation for differential
effect of the TAF250 mutation on IE transcription at low
and high m.o.i. is that sufficient levels of VP16 trans-
FIG. 10. Expression of tk mRNA in infected ts13 and ts13R3 cells at
39.5°C. Cells were infected with HSV-1, and at the indicated times after
infection, RNA was isolated and analyzed by RNase protection using
probes for the tk and b-actin genes. A representative RNase protection
ssay is shown (A). Levels of protected RNA at the indicated times
ere determined by PhosphorImager analysis from multiple experi-
ents performed at an m.o.i. of 0.1 (B) or 5.0 (C).
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197HSV-1 GENE EXPRESSION IN ts13 CELLSactivator in the initial stages of infection at high m.o.i.
might compensate for the TAF250-mediated defect in IE
gene transcription.
Infection of ts13 cells at low m.o.i. at the nonpermis-
sive temperature resulted in greatly reduced amounts of
early mRNA and protein and, consequently, no detect-
able viral DNA synthesis or late gene expression. It is
likely that the levels of IE proteins are insufficient for
efficient transcription of the later classes of viral genes
and that at this low m.o.i., the normal cascade of viral
gene expression and protein synthesis is aborted.
Infection of ts13 cells at high m.o.i. at the nonpermis-
sive temperature resulted in a more complex situation,
regarding early and late viral gene expression. Under
these conditions, when abundant levels of IE mRNAs
and proteins are synthesized, there was efficient expres-
FIG. 11. Expression of gC mRNA in infected ts13 and ts13R3 cells at
9.5°C. Cells were infected with HSV-1, and at the indicated times after
nfection, RNA was isolated and analyzed by RNase protection using
robes for the gC and b-actin genes. A representative RNase protec-
ion assay is shown (A). Levels of protected RNA at the indicated times
ere determined by PhosphorImager analysis from multiple experi-
ents performed at an m.o.i. of 0.1 (B) or 5.0 (C).sion of early mRNAs and synthesis of early viral proteins,
as determined by analysis of the early gene encodingthymidine kinase. Although we did not directly examine
other early genes, the synthesis of viral DNA was an
indirect indication that synthesis of the early gene prod-
ucts necessary for DNA replication had occurred. Nev-
ertheless, it would be instructive to expand the survey of
viral genes that are affected by the TAF250 mutation to
include other early genes, as well as leaky-late genes.
The possibility cannot be formally excluded that the ex-
pression of some earlier gene, whose product is crucial
for late gene expression, is adversely affected by the
TAF250 mutation. Furthermore, because leaky-late
genes are expressed in the absence of viral DNA repli-
cation but at maximal levels only in the presence of DNA
replication, examination of their expression in ts13 cells
might indicate whether the effect of the TAF250 mutation
on gene expression is directly dependent on the rate and
magnitude of DNA replication.
Athough early mRNA expression in ts13 cells was
somewhat delayed relative to expression in ts13R3 cells,
and the accumulated levels of early proteins were some-
what less, there was clearly sufficient synthesis of early
proteins to result in viral DNA synthesis, albeit at re-
duced levels. It is possible that early promoters are
unaffected by the ts13 TAF250 defect and that early gene
expression levels in ts13 cells are dependent primarily
on the presence and abundance of IE regulatory pro-
teins. On the other hand, as pointed out earlier, some
early promoters contain Sp1 cis-acting regulatory ele-
ments that may be adversely affected by the TAF250
FIG. 12. Expression of UL38 mRNA in infected ts13 and ts13R3 cells
at 39.5°C. Cells were infected with HSV-1, and at the indicated times
after infection, RNA was isolated and analyzed by RNase protection
using probes for the UL38 and b-actin genes. A representative RNase
protection assay is shown (A). Levels of protected RNA at the indicated
times were determined by PhosphorImager analysis from multiple
experiments performed at an m.o.i. 5.0 (B).
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more of the IE proteins, produced at sufficient levels at a
high m.o.i., is capable of compensating for the ts13
TAF250 defect. In this regard, it was recently reported
that the TAF250 transcriptional defect in ts13 cells can be
rescued by the IE regulatory proteins IEP86 and IEP72 of
human cytomegalovirus (Lukac et al., 1997), as well as
the SV40 large T antigen (Damania and Alwine, 1996),
although the cell cycle defect could not be rescued
(Lukac and Alwine, 1999).
The most interesting and significant feature of the
present work is the absence or dramatically reduced
accumulation of HSV-1 true late mRNAs in ts13 cells at
the nonpermissive temperature even when there is sig-
nificant DNA synthesis. This specific inhibition of late
gene expression was suggested by the results from
marker gene experiments using the late gC promoter.
Analysis of mRNAs by RNase protection experiments
showed directly that late mRNAs did not accumulate.
Inhibition was not specific to the gC gene, because
similar results were obtained during analysis of the UL38
gene, another well-characterized true late gene. We also
examined the expression of the late US11 gene in ts13
cells. Although the absolute levels of US11 mRNA in
ts13R3 cells were more difficult to quantify than either gC
or UL38 mRNA, due to the overlapping ICP47 transcript,
there was no detectable US11 mRNA in ts13 cells at the
nonpermissive temperature (data not shown). It is not
clear what accounts for the greatly restricted expression
of late genes even at high multiplicities of virus infection
that result in viral DNA synthesis. A likely possibility is
that the ts13 TAF250 defect is particularly detrimental for
efficient transcription from true late viral promoters and
that this defect cannot be overcome by the presence of
IE viral proteins. This explanation would account for the
greatly decreased levels of late mRNA in the presence of
viral DNA replication. It is also consistent with the role of
TAF250 in specific promoter recognition through the ini-
tiator element (Verrijzer et al., 1995) and takes into ac-
count the fact that HSV-1 late promoters contain an
initiator element, whereas early promoters do not (Cook
et al., 1995; Woerner and Weir, 1998). Furthermore, re-
ults from in vitro transcription experiments using the
late gC promoter as a template indicate that the pres-
ence of an initiator element is crucial for activation by
ICP4 (Gu and DeLuca, 1994) and that this activation of
the gC promoter by ICP4 requires the interaction of ICP4
with TAF250 (Carrozza and DeLuca, 1996). These studies
demonstrated that the C-terminal region of ICP4 critical
for ICP4-activated transcription was also the region of
interaction between ICP4 and TAF250, indicating that the
ICP4-TAF250 interaction was involved in the mechanism
by which initiator-containing promoters were activated. It
is not known at the present time whether such interac-
tions occur at all late promoters, and the possibility
remains that only a subset of late genes are sensitive tothe TAF250 mutation in ts13 cells. On the other hand,
although there is significant viral DNA synthesis at the
nonpermissive temperature in ts13 cells at high m.o.i.,
the amount of viral DNA synthesized is reduced, al-
though not to the extent of the reduction in late mRNA
expression. It is not yet known whether the DNA synthe-
sis that takes place under these conditions is qualita-
tively similar to that occurring in a normal productive
infection. In any case, it appears that the lack of produc-
tion of infectious progeny virus in ts13 cells at the non-
permissive temperature is a direct consequence of the
lack of late viral proteins. The absence of late proteins is
most likely the explanation for the previously observed
defect in viral DNA processing (Umene and Nishimoto,
1996). It will be interesting to determine whether the
detrimental effect of the ts13 TAF250 defect on late gene
expression can be rescued by expression of a TAF250
gene inserted into the virus. If so, this might provide a
valuable system to explore the function of this particular
eukaryotic transcription factor and a means to study the
interaction of TAF250 with other factors required for ex-
pression of viral genes.
MATERIALS AND METHODS
Cells and viruses
HSV-1 strain KOS was plaque purified two times on
Vero cells at 39.5°C before the preparation of virus stock
HSV-1 (KOS39). Stocks were titered on Vero cells at 33.5°
and 39.5°C. The plaquing efficiency at 33.5/39.5°C was
0.65. The recombinant viruses vICP0-Gal(39), vtk-Gal(39),
and vgC-Gal(39) are similar to previously described re-
combinant viruses v110KP-Gal (Weir and Dacquel, 1995),
vtk-Gal (Weir and Narayanan, 1988), and gCL5 (Weir and
Narayanan, 1990), respectively, except that viruses des-
ignated with a (39) suffix were generated in HSV-1
(KOS39) instead of HSV-1 (F). HSV-1 (F) is unable to grow
at 39.5°C (Leopardi and Roizman, 1996). Each virus con-
tains a lacZ gene inserted into the thymidine kinase gene
of HSV-1; the indicated viral promoter directs expression
of the lacZ gene. Viruses were generated by cotransfec-
tion of the appropriate plasmid DNA and HSV-1 (KOS39)
genomic DNA into Vero cells using LipoFECTAMINE
(GIBCO BRL Life Technologies, Gaithersburg, MD). The
virus produced after transfection was plaqued onto Vero
cells in the presence of 100 mM acycloguanosine (Sigma
hemical Co., St. Louis, MO), and multiple individual
laques were selected. Selection of recombinant viruses
hat expressed the Escherichia coli lacZ gene was facil-
itated by the addition of X-Gal as previously described
(Weir and Narayanan, 1988). Individual isolates were
purified by at least two more rounds of plaque assay in
the absence of acycloguanosine. Plaque assay at 33.5°
and 39.5°C demonstrated plaquing efficiencies of 0.77–
0.83 for the three recombinant lacZ-containing viruses.
ts13 cells, obtained from the American Type Culture
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199HSV-1 GENE EXPRESSION IN ts13 CELLSCollection (Rockville, MD), were maintained at 33.5°C;
ts13R3 cells (Wang and Tjian, 1994), a gift from Dr. Eliz-
abeth Wang (University of Washington, Seattle), were
maintained at 39.5°C.
Construction of plasmids
Routine cloning procedures were similar to those de-
scribed by Ausubel et al. (1987). Probes for the RNase
protection assays were constructed by PCR amplification
of the DNA overlapping the transcriptional start site of
each gene, using primers that were complementary to
the viral DNA and containing unique restriction endonu-
clease recognition sites. PCR products were purified and
cloned into the multiple cloning region of pGEM3 or
pGEM4 (Promega, Madison, WI). pICP4/GEM3 contains
a 308-bp fragment that protects 193 bases of the mRNA;
pICP0/GEM3 contains a 343-bp fragment that protects
183 bases of the mRNA; pICP22/GEM4 contains a 200-bp
fragment that protects 145 bases; pICP27 contains a
216-bp fragment that protects 129 bases; pTK/GEM4 con-
tains a 181-bp fragment that protects 148 bases; pgC/
GEM4 contains a 199-bp fragment that protects 129
bases; and pUL38/GEM4 contains a 218-bp fragment
that protects 162 bases. An actin fragment was amplified
from BHK-21 genomic DNA using two primers comple-
mentary to the coding region of murine b-actin. The
esulting fragment was cloned into pGEM4 and protects
05 bases of mRNA.
iral DNA replication
To quantify viral DNA replication, 106 ts13 or ts13R3
cells were infected with virus at an m.o.i. of either 5 or 0.1.
At the indicated times postinfection, the cells were lysed
with DNAzol (GIBCO BRL Life Technologies), and DNA
was prepared according the manufacturer’s instructions.
Equivalent amounts of infected cell DNA were loaded in
duplicate onto a slot-blot apparatus containing a Nytran
membrane (Schleicher & Schuell, Keene, NH), essen-
tially as described by Ausubel et al. (1987). Samples
were cross-linked with a UV Stratalinker (Stratagene, La
Jolla, CA), and hybridized to a 32P-labeled probe from the
C gene. Hybridized probe was quantitated using a Mo-
ecular Dynamics PhosphorImager (Sunnyvale, CA) .
b-Gal assays
To quantify b-gal activity, 106 ts13 or ts13R3 cells were
infected with virus at an m.o.i. of either 5 or 0.1. At the
indicated times postinfection, the cells were collected by
scraping and centrifugation and assayed for b-gal as
described (Weir and Dacquel, 1995). The b-gal activityas determined by comparison with standards run in the
ame assay.Nase protection assays
RNA was prepared from 3 3 106 cells at the indicated
imes after infection using either RNeasy Mini Kit (Qia-
en, Valencia, CA) or TRIzol reagent (GIBCO BRL Life
echnologies). RNase protection assays were performed
sing a HybSpeed RPA kit (Ambion, Austin, TX), with
32P-labeled RNA probes prepared from the plasmids de-
scribed earlier using a MAXIscript SP6/T7 kit (Ambion).
Protected probes were electrophoresed on 6% polyacryl-
amide/urea gels (Novex, San Diego, CA). Dried gels were
analyzed using a Molecular Dynamics PhosphorImager.
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